Abstract The impacts of ultraviolet-C radiation, blanching by heat, and combination of heat/ultrasounds (thermosonication) were studied for Listeria innocua (inoculated) in red bell peppers, total mesophiles in strawberries and total coliforms in watercress, in the temperature range 50-65°C. Quality attributes such as colour and firmness were studied for all products, and total anthocyanins content was additionally determined for strawberries. Results showed that ultraviolet-C radiation was the least effective treatment in terms of microbial load reduction and was equivalent to a simple water washing. Log reductions were 1.05±0.52 for L. innocua, 0.53±0.25 for total coliforms and 0.26±0.18 for total mesophiles. This treatment had the lowest impact on the quality parameters analysed. Thermosonication treatment was similar to heat blanching for all microorganism/product tested, excepted for total coliforms in watercress at 65°C, in which thermosonication had a higher effect (p<0.05). Heat blanching at 65°C allowed 7.43±0.12 log-cycles reduction, while loads were diminished by 8.24±0.13 log-cycles if thermosonication at the same temperature was applied. Thermosonication also allowed better quality retention, when compared to heat blanching at the same temperatures. The impact of thermosonication on microbial load reductions was statistically significant and thermosonicated samples retained quality attributes better than heat blanched ones at the same temperatures (p<0.05). Hence, it can be concluded that thermosonication is a promising process and may be a favourable alternative to the conventional thermal treatments.
Introduction
One of the most applied treatments to stabilize fruits and vegetables is blanching. The effect of heat on microorganisms and enzymes responsible for deteriorative reactions makes thermal processes confiding treatments. However, undesirable nutrient losses, and organoleptic and textural changes may occur due to the negative impact of heat on fruit and vegetable tissues (Mukherjee and Chattopadhyay 2007; Sotome et al. 2009; Cruz et al. 2009 ). From an industrial point of view, thermal processes are extremely energy consuming and have high environmental impacts. Therefore, there is a growing interest on the application of minimal process technologies for attaining less-perishable products, safe from a microbiological perspective, while retaining quality attributes close to the fresh characteristics (Ahvenainen 1996) . Alternative nonthermal processes, or eventually their combinations with less severe heat treatments, are emergent challenges. The application of ultrasounds and ultraviolet (UV) irradiation are examples with potential applications in the food industry (Allende and Artés 2003a; Piyasena et al. 2003) . Ultrasound is defined as sound waves with a frequency over 20 kHz, which is about the upper limit of human hearing. When applied to a product with sufficient intensity, it causes disruption of biological structures, resulting in cell death. Ultrasounds, when associated to heat (thermosonication) and pressure (manosonication), have been reported to inactivate microorganisms as well as heat resistant enzymes (Vercet et al. 1997; Knorr et al. 2004; Cruz et al. 2006) . The conjoint application of thermal treatments with ultrasounds may enhance their effects, especially in terms of product safety (Mason et al. 1996; Char et al. 2010) . Some authors refer a microbial reduction between 5 and 6 log-cycles for liquid foods treated with power ultrasounds combined with mild thermal treatments (Baumann et al. 2005; D'Amico et al. 2006) . However, for solid fruits and vegetables microbial reductions are not so significant. Alegria et al. (2009) reported 1.7 and 1.2 log reduction for total aerobic plate counts and yeasts and moulds, respectively, when studying the impact of thermosonication (45 kHz and 50°C) on carrots. Cao et al. (2010) applied ultrasounds (25 kHz) to strawberries and observed 0.88 and 1.1 log reductions for aerobic microorganisms and moulds and yeast, respectively.
In terms of food quality characteristics, ultrasounds may have positive or negative impacts. It has been found for watercress that thermosonication (using temperatures above 85°C) is more efficient on peroxidase inactivation than conventional heat blanching (Cruz et al. 2006 (Cruz et al. , 2007 . However, Gabaldón-Leyva et al. (2007) observed a harmful effect of ultrasounds on firmness and water losses in brine bell peppers.
UV radiation is another non-thermal technology that has been used to control post-harvest contamination and to extend shelf-life of fruits and vegetables. UV-C (200-280 nm) has a germicidal effect, inactivating bacteria, viruses, protozoa, yeasts, molds and algae (Anonymous 2000; Zenoff et al. 2006; Keyser et al. 2008; Caminiti et al. 2010) . Allende et al. (2006) investigated UV-C resistance of 20 bacterial strains from different genera often associated with fresh produce. The radiation has been proven to be effective on reducing psychrotrophic bacteria, coliforms and yeast loads in lettuce (Allende and Artés 2003a, b) . This treatment also reduced mesophilic, psycrophilic and enterobacteria populations in watermelons stored under refrigerated conditions (Hernández et al. 2010) , and retarded fungal growth in strawberries (Pan et al. 2004; Marquenie et al. 2002) and in zucchini squash fruit (Erkan et al. 2001) . Yaun et al. (2004) applied UV-C radiation to red delicious apples, leaf lettuce and tomatoes, obtaining 3.3 and 2.79 log reduction of Escherichia coli on apples and green leaf lettuce, respectively; on tomatoes and green leaf lettuce, log reductions of Salmonella spp. were 2.19 and 2.65, respectively. Even so, controversial results about the efficiency of UV-C radiation on contaminated fruits and vegetables are frequently reported (López-Rubira et al. 2005; Fonseca and Rushing 2006) .
In terms of quality, UV-C treatments are often referred to be effective in delaying senescence and deterioration of the products (Allende et al. 2006; Allende and Artés 2003a, b; Pan et al. 2004) . In most cases, the impact of such treatments on important quality parameters is not relevant (Vicente et al. 2005; Allende et al. 2007 ).
The main objective of the present work was to assess the impact of UV-C radiation and thermosonication (using conventional blanching for comparative purposes) on the following microbial loads: Listeria innocua inoculated (in red bell peppers), and endogenous total mesophiles (in strawberries) and total coliforms (in watercress). These combinations were used as case studies. Quality characteristics changes, such as colour and textural were studied for all products, since these are easily perceived by the consumer and more sensitive to processes. Anthocyanins content was studied for strawberries since this is an index of health benefit (antioxidant activity) of berries.
Materials and Methods

Fruits and Vegetables
Red bell peppers (Capsicum annuum L.), watercress (Nasturtium officinale R.Br.) and strawberries (Fragaria ananassa D.) were purchased in a local market.
Microbial Analysis
L. Innocua Culture L. innocua NCTC 10528 was acquired from Leatherhead Food Research Association (Leatherhead, UK). The first subculture was made in tryptic soy broth (TSB; Lab M, Lancashire, UK), containing 0.6% yeast extract (TSBYE; Lab M) and was incubated at 30°C for 24 h. The cultures were maintained at 7°C on tryptic soy agar (TSA; Lab M), supplemented with 0.6% of yeast extract (TSAYE). The second subculture of L. innocua was incubated at 30°C for ±24 h to yield stationary phase cultures. This cell growth phase was chosen, because the stress resistance of L. innocua cells is higher in that phase, in comparison with the lag or exponential phases (Miller et al. 2009 ).
Microorganism/Food
Three different combinations of microorganism/food were considered: L. innocua/red bell peppers, total mesophiles/ strawberries and total coliforms/watercress.
Red bell peppers were washed for a few seconds in deionised water and dried with absorbent paper. Peduncles and seeds were removed. The product was cut in portions (samples) of approximately 20 g, which were artificially inoculated at the internal surface with 250 μl (five drops of 50 μl each) of the second L. innocua subculture. The contact time was about 15 min (till surface drying).
Strawberries and watercress were not washed, since endogenous total mesophiles and total coliforms, respectively, were enumerated.
Enumeration
Samples were aseptically cut in small portions that were homogenised in a stomacher with 80 ml of Buffered Peptone Water (BPW; Lab M) for 5 min.
Palcam agar containing selective supplement (Merck, Darmstadt, Germany), Plate Count Agar (PCA; Lab M) and Violet Red Bile Agar (VRBA; Lab M) were used, respectively, for L. innocua, total mesophiles and total coliforms enumerations (in duplicate). Samples were incubated at 30°C for posterior counts. At least four replicates were performed.
Quality Measurements
Colour and texture were measured for all products. For strawberries, the anthocyanins content was also analysed.
Colour
Colour was measured with a handheld tristimulus colorimeter (Chroma Meter CR-400; Konica Minolta Sensing, Inc., Tokyo, Japan) using the Hunter Lab scale (L varies from 0 (black) to 100 (white); a positive is red and negative is green; b positive is yellow and negative is blue). The total colour difference (TCD) was the parameter considered for colour changes evaluation. This parameter quantifies the overall colour difference of a given sample when compared to a reference one, and is calculated as follows (Drlange 1994) :
where the index "0" indicates untreated reference samples. The colorimeter was properly calibrated with a standard white reference tile. At least 20 replicates were carried out.
Texture
Texture was analysed with a TA-XT2 plus texture analyser (Stable Micro Systems Ltd., Godalming, UK) equipped with a 5 kg load cell. Compression mode tests (30% deformation, 1 mm s −1 velocity) were performed using a 10 mm or a 36 mm diameter cylindrical probe for red bell peppers and strawberries, respectively. For watercress samples, a perforation probe of 2 mm diameter was used (0.5 mm penetration, 1 mm s −1 velocity). Firmness was registered as the maximum force observed during compression of samples. The texture analyser was properly calibrated and at least 30 replicates were performed.
Anthocyanins
Strawberries were cut in small pieces and homogenised in a stomacker during 5 min. The anthocyanins samples extraction was attained by mixing 5 g with 15 ml of acetone (70% v/v) for 5 min. The solution was then filtrated.
The total anthocyanin concentration was determined by the pH differential method (Giusti and Wrolstad 2001; Teow et al. 2007 ), using two different buffers: potassium chloride (0.025 M, pH 1.0) and sodium acetate (0.4 M, pH 4.5). The pH was adjusted with concentrated hydrochloric acid. A volume of 1.8 ml of each buffer was mixed with 200 μl of the extracted solution for 15 min. The absorbance of the solutions was read at 510 and 700 nm (UV-1601; Shimadzu Co., Kyoto, Japan). At least 16 replicates were performed. The total anthocyanin content was expressed as the mass (mg) of pelargonidin 3-glycoside (predominant anthocyanin in strawberries) per 100 g of fresh mass (Gil et al. 1997; Cordenunsi et al. 2002) .
Technological Treatments
Heat Blanching
Blanching treatments were performed in a Pyrex glass recipient containing 1 l of stirred deionised water (the ratio between mass of the samples and volume of water was approximately 40 g l −1 ).
For quality assessment, blanching temperatures used in all products were 50 and 65°C.
For each combination microorganism/food, different temperatures were tested due to differences in microorganisms' thermal sensitivity. For L. innocua/red bell peppers, blanching temperatures were 50, 60 and 65°C; for total mesophiles/strawberries, the temperatures were 50, 55, 60 and 65°C; for total coliforms/watercress, blanching treatments were performed at 50, 55 and 65°C.
The treatment times for all products were 2 min. At least three replicates of each treatment were performed.
Ultrasonication and Thermosonication
Ultrasonication treatments were carried out in an ultrasound Sonorex Super RK 106 equipment (Bandelin Electronic, Berlin, Germany) operating at 35 kHz and 120 W with 5.6 l of water capacity. The ratio between mass of the samples and volume of water was approximately 40 g l −1 . Ultrasonication was combined with heat using the same temperatures as for blanching.
UV-C Radiation
UV-C treatments were carried out in a chamber designed by University of Algarve, Portugal. Samples were submitted to a bank of four germicidal UV lamps (TUV G30T8, 16 W; Phillips, Amsterdam, The Netherlands) with peak emission at 254 nm and an average intensity of 12.36 W m −2 , for 2 min. The intensity of flux of lamps and dose of exposure (time × intensity) were continuously measured using an UV digital photometer (DO 9721; Delta Ohm, Padova, Italy). The temperature was also monitored (25.2±1.8°C). At least three replicates of each treatment were carried out.
Control Assays
Additional experiments were performed as described in Sections 2.4.1 and 2.4.2, but at a temperature of approximately 15°C (control of the treatments).
Data Analysis
For microbial loads, the effects of treatments were assessed by calculating the microbial reduction expressed in terms of log-cycles (i.e., log(N 0 /N), where N 0 is the sample initial microbial load and N is the microbial load after treatment). Quality data (texture and anthocyanins) were normalized in relation to untreated samples. This means that values were divided by those determined for fresh samples.
Temperature and treatments effect were evaluated by analysis of variance (two-way ANOVA) using SPSS® 16.0 for Windows® (2006 SPSS Inc., Chicago, IL, USA). Tukey's test was performed for paired comparison of means (Walpole and Myers 1993) .
Results and Discussion
Impact of Treatments on Microbial Loads
The impact of heat blanching, thermosonication and UV-C radiation treatments on L. innocua (in red bell peppers, initial loads~10 7 cfu/g), total mesophiles (in strawberries, initial loads~10 7 cfu/g) and total coliforms (in watercress, initial loads~10 8 cfu/g) is shown in Fig. 1 . Total coliforms were selected for watercress, since these microorganisms are contaminants of this vegetable. Total mesophiles were chosen for strawberries, as a representative microorganisms mixture of a fruit. L. innocua was selected as an indicator microorganism. This bacterium is often used as a surrogate of the ubiquitous pathogenic L. monocytogenes (Margolles et al. 2000) .
UV-C radiation was the least effective treatment in reducing the microbial load of the tested products. With this method, log-microbial reductions were equivalent to the ones obtained with simple washings with water at 15°C (log reductions of 1.05±0.52 for L. innocua, 0.53±0.25 for total coliforms and 0.26±0.18 for total mesophiles). The germicidal effect of radiation is mainly due to the photochemical reactions that are induced inside the microorganisms. The major lesion in the microorganisms is related to DNA absorption of the UV light, taking place by cross-linking pyrimidine nucleoside bases (thymine and cytosine) in the same DNA strand. The formation of thymine dimers in DNA and RNA will compromise the cellular functions, since microorganisms are deprived to realize the normal transcription and replication of the nucleic acids and, eventually, cell death occurs (Giese and Darby 2000; Unluturk et al. 2008) .
Temperature was always most effective. For all heat blanching and thermosonication treatments, reduction of microbial loads increased with temperature. Furthermore, L. innocua was most temperature resistant while total mesophiles were most temperature sensitive for both heat blanching and thermosonication.
At the same temperature, effects of thermosonication were equivalent to that of heat blanching for all microorganism/products tested, except for total coliforms/watercress at 65°C. Here, thermosonication had a significantly higher impact (p<0.05) on microbial reduction. Heat blanching reduced microbial loads by 7.43±0.12 logcycles, while loads were diminished by 8.24±0.13 logcycles after thermosonication at the same temperature. This could be explained by a more pronounced effect of ultrasounds when higher temperatures were used. The bactericidal effect of ultrasound technology is related to intracellular pressure changes due to cavitation phenomena, which promote the disruption of cellular structures and functional components and cause cellular lysis (Anonymous 2000; Ross et al. 2003) .
The reduction of total mesophiles on strawberries obtained in this study are of the same magnitude as those reported by Alegria et al. (2009) on the effect of ultrasonication (1 min/45 kHz) and thermosonication (1 min/ 50°C) on total aerobic plate counts and yeasts and moulds in carrots. These authors reported 0.5 log-cycles reduction for both type of microorganisms in ultrasonicated samples, and 1.7 and 1.2 log reduction for total aerobic plate counts and yeasts and moulds, respectively, in thermosonicated samples. Cao et al. (2010) tested several ultrasonic frequencies on strawberries and observed 0.88 and 1.1 log reductions for aerobic microorganisms and moulds and yeasts, respectively (25 kHz for 10 min of treatment). These results are slightly higher than the ones obtained in the present work (but the treatment time was five times higher). Noci et al. (2009) used thermosonication (24 kHz and 55°C ) to inactivate L. innocua in milk samples. A treatment time of 2.7 min allowed approximately 1 log-cycle reduction.
Energy requirements for each process and combination of microorganism/food were calculated. Results were expressed in terms of log-cycles reduction per unit energy consumed (Table 1 ). This allows quantification and comparison of the processes effectiveness in terms of impact at microbiological level and operation cost. For all combinations of microorganism/food, blanching and thermosonication at the highest temperatures were the most efficient processes it terms of energy consumption and impact in microbial load reduction, since they allowed higher log-cycles reduction per unit of energy. For L. innocua/red bell peppers, UV-C treatment is the second in the rank. However, one should bear in mind that this treatment, in terms of microbial load reduction, is merely equivalent to a simple water washing.
Impact of Treatments on Quality Factors
Results of quality parameters (colour, texture and anthocyanins) of red bell peppers, watercress and strawberries are shown in Figs. 2, 3 and 4. UV-C irradiation had the lowest impact on product colour (Fig. 2) . TCD of UV-C-treated red bell pepper and watercress samples were 1.30±0.66 and 1.58±0.77, respectively (Fig. 2a, b) . These values were significantly lower than those observed for samples that were simply washed with water at 15°C. According to Drlange (1994) , these colour differences are classified as small. TCD of water- washed strawberries (Fig. 2c) were equivalent to the values observed for samples that were treated with UV-C (2.47± 1.08), generally rated as distinct differences (Drlange 1994) . For 15 and 50°C, the differences in colour of red bell pepper and watercress treated with ultrasounds were significantly lower (p<0.05) than those observed for water washing and heat blanching at the same temperatures. This means that thermosonication retained sample colour better than the other treatments. For strawberries, the differences between the heat blanched and thermosonicated samples were not significant at all temperatures. For watercress and red bell peppers, the differences were not evident only at 65°C. At this temperature, colour changes were pronounced for watercress but only small for strawberries.
Firmness of thermosonicated samples was equal or better retained than firmness of heat blanched samples, at the same temperatures. This is particularly evident for peppers at 50 and 65°C, and for strawberries at 65°C (Fig. 3) .
Compared to untreated samples, firmness of UV-C irradiated samples was maintained better. For peppers and watercress, the effects of UV-C radiation were equivalent to water washings.
The impact of the treatments on anthocyanins content of strawberries is shown in Fig. 4 . As temperature increases, a slight decrease in anthocyanins was observed. No significant differences between heat blanched and thermosonicated samples were detected. Sonicated samples at 15°C retained totally the anthocyanins content. However, Tiwari et al. (2009) reported a decrease of 5% in anthocyanins content when sonication (20 kHz) was applied to blackberry juice.
UV-C radiation treatment allowed retention of 89±10% of antocyanins content, which was equivalent to heat blanching and thermosonication at 50°C.
Conclusions
In terms of microbial reduction, UV-C radiation was the least effective treatment being equivalent to a simple water washing (at 15°C). Thermosonication and heat blanching at 50, 55 and 60°C allowed similar reductions in microbial loads for all the products studied. For the case of total coliforms/watercress at 65°C, thermosonication had a higher impact on coliforms reduction.
UV-C irradiation showed the lowest impact on the quality parameters analysed. Compared to traditional heat blanching, thermosonication always retained quality better at the same temperature.
The effects of thermosonication on microbial loads were significant and adverse impacts of this treatment on studied food quality attributes were equivalent or lower than the ones observed with heat blanching. Hence, it can be concluded that thermosonication is a potential alternative to conventional thermal treatments, with energy requirements equivalent of the ones of blanching.
